Laser-induced breakdown spectro metry (LIBS) with m ultiple pulse excitation has been applied for the m ultielem ental analysis of steel samples in the vacuum ultraviolet. The em ission of the induced plasm a was coupled into a Paschen-Runge spectrom eter equipped with photomultipliers linked to high-speed multichannel signal electronics. Tim e-resolved signal evaluation yields a signi cantly improved signal-to-noise ratio for the plasma emission periods after a multipulse excitation. Reference m aterials for low-alloy steel grades were used to calibrate the measurem ents. The investigations concen trated on the light elem ents phosphorus, sulfur, and carbon using emission wavelengths in the range from 178.28 nm to 193.09 nm. For the rst tim e, limits of detection below 10 m g/g were achieved for the light elem ents phosphorus, sulfur, and carbon using LIBS. With these resu lts the basis is established for future on-line applications of LIBS in the steel industry.
INTRO DUCTION
The chemical analysis of steel is a demanding task for process control in steel making and for quality assessment of pre-products. The dom inant analytical tools applied nowadays are based on physical methods such as spark disch arg e-optical em ission spectro m etr y ( S D -OES), X-ray uorescence (XRF), or absorption spectroscopy of analytes in ames. These techniques are mostly used in off-site laboratories, and they require preparational steps to present the steel sample in a physical state necessary for the respective method. The sample preparation includes steps such as cutting, m illing, grinding, or drilling, which are time consuming and require high maintenance efforts even in automated container laboratories. Hence, there is an increasingly strong need to simplify or even avoid those steps of chemical analysis such as sample taking, sample transport, and sample preparation. Laser-based analytical m ethods will play a key role for the developm ent of on-line m ethods in metallurgical processing due to the following features: noncontact m easurem ent at distances of centimeters to meters, high m easuring speed, and sample preparation or conditioning by the laser beam itself.
For an on-line analytical method, the multielement capability is an important issue. Laser-induced breakdown spectrometry (L IBS) is a method enabling the simultaneous analysis of various elements in a short time. However, the analytical perform ance in terms of limits of detection reported for steel constituents so far does not achieve those of conventional m ethods such as SDReceived 8 Decem ber 1999; accepted 28 April 2000. * Author to whom correspondence should be sent.
OES. [1] [2] [3] Hence the m ain goal of our work presented in the following was to improve the plasma excitation by multiple laser pulses and to make use of emission lines in the vacuum ultraviolet (VUV) spectral range. The motivation of this work was to establish the basis for future on-line applications of laser-induced breakdown spectrom etry in the steel industry requiring limits of detection for light elements such as carbon, phosphorus, and sulfur in the range below 10 m g/g. Figure 1 shows the experimental setup. A Q-switched Nd:YAG laser (Continuum, Model Surelite I) operating at 1064 nm was used to excite the plasma. The Q-switch electronics of this laser were modi ed to generate up to three separated laser pulses within a single ashlamp pulse instead of a single laser pulse. The ashlamp repetition rate is 10 Hz. The in uence of m ultiple laser pulses on the dynamics and physical state of the induced plasma was described elsewhere. 4 The laser emits three equal-energy pulses of ; 16 ns duration [full width at half-maximum (FW HM)] and with a time separation of 25 m s between the rst and the second pulse, and 40 m s between the second and the third, respectively. The burst energy amounts to 300 m J. The laser beam is guided by two m irrors to a plano-convex lens with a focal length of 80 mm . The converging laser radiation is then guided via a m irror and an optical window into a measurem ent chamber. This chamber has a cover plate on top with a circular opening having a diameter of ; 12 m m. The sample to be analyzed is put onto this cover plate and located in such a way that the opening is closed. The focus of the laser beam was adjusted so that the focal plane lies inside the sample with a distance of 6 mm from the sample surface. The diameter of the craters formed on the sample surface is about 300 m m.
EXP ERIM ENTAL
The optical axis of the VUV spectrometer describes the line between the center of the diffraction grating and the middle of the entrance slit. This optical axis intersects the propagation axis of the laser beam on the surface of the sample. The angle between the surface of the sample and the optical axis of the spectrometer amounts to ; 188 . With this orientation it is ensured that radiation from the whole laser-induced plasma can be received by the spectrom eter aperture.
The chamber has an internal volume of about 42 cm 3 . This volume is ushed with argon 5.0 at 1 atm and a ow rate of about 8 L per m inute. The entrance window of the spectrometer is made of VUV transparent m agnesium uoride.
The spectrometer has a Rowland circle diameter of 750 mm and is equipped with a holographic diffraction grat- ing with 2400 lines/m m. The optical system of the spectrometer is installed inside a vacuum vessel which is ev acuated to , 10 2 3 m bar. T h e spectral reso lutio n amounts to # 25 pm in rst order. Table I The gate for the integrators is generated by a delay/ pulse generator which is triggered by the Pockels cell synchronization monitor of the laser. The outputs of the integrators are transmitted to a multiplexer and an analogto-digital converter with a resolution of 16 bits. The digitized charges of the integrators for each laser pulse are stored and processed on a personal computer.
For the calibration of the LIBS m easurements, we used a set of 14 reference samples with certi ed concentrations of the investigated elements. The samples are not prepared mechanically unless the surface is covered by craters from former measurements. In that latter case, the sample is simply ground m anually with an Al 2 O 3 grinding paper of grit size 60 for about 5 s. The laser beam itself is used to additionally ablate residual surface layers or contaminations. For the quantitative analysis shown in the next section, the number of pre-bursts applied to prepare the sample surface amounts to 100. Figure 3 shows time resolved PMT signals of the carbon channel at 193.09 nm picked up at the current-tovoltage converters with a Tektronix TDS 784D oscilloscope. The dotted line was gained by using a sample with a carbon content of , 10 m g/g; the solid line belongs to a sample with a carbon content of 1010 m g/g. With the beginning of the rst laser pulse the carbon signal shows a steep increase with a rise time of less than 10 ns. After achieving a maximum, the PMT signal decays within about 500 ns. In the decaying phase, only a sm all difference between the signals for the different samples is ob- ser ved. After the second pulse of the burst, the situation is very different. W hereas the rise time is comparable, the decay time differs signi cantly for the two samples. Moreover, the signal level is m uch higher compared to the signals after the rst laser pulse. After the third laser pulse of the burst, about the same signal levels as after the second pulse are achieved. The signal evolution obser ved for different elements, element concentrations, and/or experimental parameters (e.g., laser burst energy, pulse separation and focusing) is qualitatively the same as described above. However, the decay times and thus the optimum position and width of the integration gate depend on these parameters. The best results with respect to the limit of detection were gained with a delay time of 650 ns and an integration gate width of 12 m s.
RESULTS AND DISCUSSION
The experimental setup was calibrated for seven elements for low-alloy steel. Figures 4 to 6 show calibration curves for carbon, phosphorus, and sulfur.
The limit of detection was calculated on the basis of the 3s criterion, where s is the empirical standard deviation of the intensity ratio for the sample with the lowest analyte content. Each sample was m easured ve times. Between the m easurements the sample was shifted on the top cover of the m easurement chamber to expose another surface part to the laser beam. Each m easurement comprises 600 laser bursts, where 100 are applied as prebursts to locally condition the sample surface and 500 measurement bursts to gain the spectral signals to be evaluated. The data points plotted in Figs. 4 to 6 denote the mean values from ve m easurements. Numerical corrections such as interelement or m atrix corrections were not applied. The horizontal error bars indicate the concentration errors stated in the certi cation sheets of the reference samples; the vertical error bars show the standard deviation calculated from the ve measurem ents. The curve plotted in Fig. 4 is a quadratic t using a leastsquares algorithm describing the saturation behavior of the intensity ratio C/Fe with increasing carbon concentration.
Figures 5 and 6 show the calibration curves for phosphorus and sulfur. The calibration curves are linear functions tted to the data points. In the setup of Fig. 1 the location of the laser irradiation is xed; hence the only spatial averaging is given by the crater diameter of about 300 m m. Conventional m ethods such as SD-OES have an inherent spatial averaging over areas with a diameter of about 5 m m. For a comparison of results gained with these m ethods and LIBS, a spatial averaging, (e.g., by a relative motion between sample and laser beam) has to be performed. Future research activities will focus on this topic. Table II summarizes the results of the calibration for seven elements with the Fe 187.75 nm line used as the internal standard. The limits of detection (L ODs) are , 10 m g/g for m ost of these elements. The squares of the correlation coef cients are always greater than 0.987. In general, using the line Fe187 instead of Fe271 as the internal standard resulted in a better analytical performance in terms of the limits of detection. For the elements C, P, S, Si, and Ni the achieved limits of detection with Fe187 are approximately 20% to 50% sm aller than with Fe271. In the case of Cr and Mn, the improvement is less signi cant. For a further improvement of the LODs, the background equivalent concentration (BEC) has to be reduced. The origin of the rather high BEC values observed is presumably due to the high signal level of the PMT imm ediately after the beginning of the laser pulse irradiation. The applied gating of the integrators supresses this signal part, but there is still the possibility that the electrical charge generated in the beginning of the PMT signal distorts the signal behavior at later times.
CO NCLUSIO N
Multi-pulse excitation and observation of VUV emission lines allow for the reduction of the limits of detection for light elements in low-alloy steel samples in the range below 10 m g/g. No (or at least a reduced) effort in sample preparation is required, in comparison to SD-OE S. The laser itself prepares the sample by a localized ablation of surface layers or contaminations. With these results LIBS has the capability to be applied for on-line analytical tasks in the steel industry.
Further investigations are necessar y to extend the analysis with LIBS to the elements nitrogen and oxygen, which play a m ajor role in high-quality steels. Desirable limits of detection are in the range of a few m icrograms per gram . The corresponding emission lines at 149.26 and 130.22 nm lie in the deep VUV region; hence the pureness of the inert gas atmosphere in the measurem ent chamber and the transm ittance of the radiation from the laser-induced plasma to the spectrometer entrance window will be of signi cant importance.
Within the framework of a European research project, we investigated the direct analysis of liquid steel with LIBS. 5 The aim is to achieve similar limits of detection for liquid steel as those reported here for solid steel samples. On-line analysis of liquid steel will be the basis for faster process control schemes in secondary m etallurgy.
